The molecular background was recently unveiled. Different genes of the RAS/MAPK signaling pathway are responsible for NS (Table 1) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Mutation in the PTPN11, SOS1, RAF1 and KRAS genes, usually leading to a gain-of-function, is found in approximately 70% of NS (12) cases. Mutations in other genes in this pathway are rarely described in NS patients, including BRAF, MEK1, MEK2, SHOC2 and CBL (12, 13) .
Due to the complexity of the molecular analysis in NS, previous studies have screened patients initially for the PTPN11 gene, the main gene in the syndrome. Only in those patients who were negative for mutations in this gene, were the other genes subsequently analyzed until a mutation was found.
Several hormones, including growth hormone (GH) (2) and insulin-like growth factor 1 (IGF-1), act through receptors that stimulate the RAS/MAPK pathway, and therefore, NS and related disorders represent a remarkable opportunity to study the implication of the RAS/MAPK pathway in different endocrine systems. Additionally, children with NS are frequently referred to endocrinologists because of short stature, delayed puberty and/or undescended testes in males. Therefore, NS is important in the differential diagnosis of short stature and has important implications in GH therapy.
Recently, two groups described NS patients presenting two mutations in different RAS/MAPK pathway-related genes (14, 15) . In both studies, one of the mutations predicted to affect the protein function (pathogenic mutation), while the other mutation predicted to be benign (uncertain pathogenicity).
To evaluate if the variable expressivity in this syndrome is due partially to the presence of more than one mutation in genes of the RAS/MAPK pathway, we screened a cohort of NS syndrome patients for the main responsible genes -PTPN11, SOS1, RAF1 and KRAS. Herein, we report on a single patient presenting two pathogenic mutations in the main genes responsible for NS -PTPN11 and SOS1.
cASe RepORt
The proband, a 10 year-old female, is the only child of non-consanguineous parents. Her mother was 22 years old and her father 36 years old at the time of conception, both parents had normal height (mother's height = 158 cm and father´s height = 183 cm). She was born at term, by vaginal delivery, with a birth weight of 2,710 g (-1.3 SDS) and length of 48 cm (-0.5 SDS). A heart murmur was audible and a diagnosis of pulmonary stenosis was disclosed. She was first evaluated at our cardiology clinic and a cardiac surgery was indicated at the age of 3 years and 3 months due to the presence of valvar and supravalvar pulmonary stenosis and ostium secundum atrial septal defect (ASD) on the echocardiogram. EKG showed signs of right ventricular hypertrophy. At the first evaluation she was 89 cm tall (height SDS = -1.8), weighed 11,100 g (body mass index SDS = -1.5) and her head circumference was 47.2 cm (-1.5 SDS). She had Noonan syndrome-related dysmorphisms (Figure 1 ): mild hypertelorism, left ptosis, slight proptosis, malocclusion, high arched palate, overfolded pinnae; webbed neck; sternal deformity (pectus carinatum superiorly and excavatum inferiorly); hepatoesplenomegaly and distal joints hiperextensibility. No evident ectodermal findings were disclosed. She had normal developmental milestones. Complementary exams showed normal abdominal ultrasound, spine X-ray, bone age, hematological studies, including factor XI analysis and karyotype. Ophthalmologic evaluation demonstrated prominent corneal nerves on slit-lamp exam. At the age of 10 years, she is enrolled at a regular school, without major difficulties. A positive family history of NS was not uncovered, either by the physical exam of the mother or by medical history and photographs of the father. 
SUbjectS And MethOdS

Molecular studies
This patient was included in an on-going cohort study of NS, approved by the Institutional Ethics Committee of Hospital das Clínicas da Faculdade de Medicina de São Paulo (HC-FMUSP). Briefly, venous blood was drawn for genomic DNA extraction from peripheral leukocytes using a salting-out protocol. PTPN11 exons 2-15 (Reference sequence: NC_000012.11), SOS1 exons 1-23 (NC_000002.11), RAF1 exons 7, 14, and 17 (NC_000003.11) and KRAS exons 2-6 (NC_000012.11) were amplified using specific intronic primers (primer sequences and amplification protocols will be sent upon request). PCR products from these exons were directly sequenced with dideoxy chain-termination method using a kit ABI PrismTM BigDye Terminator (Perkin Elmer, Foster City, CA, USA) and analyzed by an autosequencer ABI Prism Genetic Analyser 3100 automatic DNA sequencer (Perkin Elmer). Genotype sequences were manually observed using DNASTAR SeqMan -Laser Gene. New allelic variants identified in SOS1 were also investigated in 192 control individuals (384 alleles).
In silico prediction of mutation effects
Missense variants identified by sequencing were classified based on their potential impact on protein function or structure, using a new version of the PolyPhen method (16) . These predictions are based on the analysis of multiple sequence alignments of homologous proteins, functional annotation and structural information. PolyPhen defines the predictions of the mutations as follows: 1) probably damaging: it is with high confidence that it is supposed to affect protein function or structure, 2) possibly damaging: it is supposed to affect protein function or structure and 3) benign: it is most likely that it lacks any phenotypic effect.
Another investigation of the variations identified in this study include a tool for whole genome comparative analysis of the human genome using the VISTA Genome Browser (17) . Multiple amino acid alignments were built using wild-type and mutated human sequence and wild-type Fugu rubripes, Pan troglodytes, Gallus gallus, Xenopus tropicalis, Canis familiaris, Danio rerio and Trichoplax adhaerens sequences.
Laboratory evaluation
GH and insulin were measured by an immunofluorometric assay (AutoDELFIA ® , PerkinElmer, Waltham, MA, USA). Cut-off levels used to rule out GH deficiency diagnosis after stimulation test were peak GH levels > 3.3 µg/L: (18) . IGF-1 and IGFBP-3 were measured by chemiluminescence assays (IMMULITE, Diagnostic Products Corporation -DPC, Los Angeles, CA, USA) and expressed as SDS for age and sex according to reference values provided by the assay kit.
ReSULtS
Molecular results
Positive molecular findings are summarized in table 2. No mutation was identified in the KRAS and RAF1 genes. One previously described mutation in PTPN11 was identified in the heterozygous state [p.N308S (14) ]. Direct sequencing of SOS1 revealed two heterozygous allelic variants: one previously described mutation [p.R552G (9) ] and a new variant p.A708T. For the two previously described mutations, the alterations are predicted to be probably damaging and amino acid residues are conserved between different species. On the other hand, the new alteration found (p.A708T in the SOS1 gene), is predicted to be benign and is not conserved among species. Furthermore, a control group was screened and this specific gene alteration was present in 4 out of 192 control individuals in the heterozygous state (allelic frequency of 1%), characterizing a polymorphism in our population. The patient's mother had none of these three described allelic variants. Unfortunately, DNA from the father was not available. 
phenotype analysis
The present patient, who has co-occurring mutations in the PTPN11 and SOS1 genes, did not have a more severe phenotype than those NS patients with mutations only in PTPN11 or SOS1. In our group we identified five other NS patients with p.N308S mutation in the PTPN11 gene and one patient with p.R552G mutation in the SOS1 gene (14, 27) . The phenotype of these patients did not significantly differ from the patient harboring both mutations (Table 3) . Height SDS was calculated using age-and gender-specific norms (a) for general population (28) and (b) specific for Noonan syndrome patients (29) .
hormonal analysis
Patient had normal metabolic evaluation for her age: fasting glucose and insulin were 77 mg/dL (4.2 mmol/L) and < 2.5 µU/mL, respectively. She also had an unremarkable lipid profile (Total cholesterol of 136 mg/dL, HDS-cholesterol of 40 mg/dL and triglycerides of 98 mg/dL). IGF-1 and IGFBP-3 levels were at the lower normal range for sex and age (61 µg/L and 2.0 µg/mL, respectively; both corresponding to -1.7 SDS). During the clonidine test to evaluate GH secretion, the patient had a GH peak of 8.5 µg/L, ruling out GH deficiency. These hormonal findings were similar to the ones observed in other NS patients in our group (30) .
dIScUSSIOn
In the present study we described a NS patient with simultaneous pathogenic mutations in two of the most common genes associated with NS -PTPN11 and SOS1. The patient has typical features of NS − short stature, classic facial features, webbed neck and the specific heart defect (pulmonary stenosis associated with atrial septal defect). Missense heterozygous mutations in the PTPN11 gene are found in approximately 50% of NS patients (19) , clustered especially in exons 3, 8, and 13. Different from exons 3 and 13, in which the mutations are spread, mutations in exon 8 mainly involve residue 308. Indeed, the most frequent mutation found in NS is p .N308D (10,19) . Mutation p.N308S has also been found in several studied patients (10, (19) (20) (21) (22) (23) .
Regarding the SOS1 gene, two gene alterations were found in our patient. The p.R552G is a known pathogenic mutation, the most frequent one in this gene associated with NS (9, 11, (24) (25) (26) . Concerning the novel p.A708T, additional analysis (in silico analysis and a control group test) showed that this gene alteration is a polymorphism in our population and most probably is not associated to significant phenotypic effects.
Although a clear genotype-phenotype correlation in NS has not been established, patients presenting mutations in PTPN11 tend to show a higher prevalence of pulmonary stenosis, short stature, sternal deformity and bleeding diathesis (10, 19) . Specifically for the mutation p.N308D, Tartaglia and cols. (19) demonstrated that the patients required less special education, compared to other described mutations in PTPN11 gene. For the SOS1 gene, patients presenting mutations in this gene showed more ptosis, ectodermal signs, such as keratosis pilaris and curly hair, and normal intelligence (11). Roberts and cols. (25) showed that their patients also had a high frequency of pulmonary stenosis, but ASD was relatively rare. On the other hand, Tartaglia and cols. (9) found less short stature in their patients.
The proband here presented does not show atypical findings or a more severe phenotype than NS patients with isolate mutations -even when compared to patients with p.N308S or pR552G mutations in PTPN11 and SOS1, respectively. Some of the features presented by our patient are common to mutations in both genes, such as the typical facial features and the cardiac lesion -valvar pulmonary stenosis. On the other hand, the proband showed short stature, ASD and lack of evident ectodermal findings, which is more consistent with the phenotype of patients harboring mutations in the PTPN11 gene (9) (10) (11) 19, 25) .
The genes here involved (PTPN11 and SOS1), coding for upstream proteins of the RAS/MAPK signaling pathway, are closely connected to SHC and GRB2 proteins. All these proteins belong to the same complex that has the function of exchanging GDP for GTP to activate the RAS-RAF-MEK-ERK cascade. Mutations in PTPN11 and SOS1 reported here, commonly lead to a gain-of-function of the RAS/MAPK pathway. The fact that we did not observe a more severe phenotype in our patient with mutations in both genes suggests that mutations in these two genes do not have additive effects, leading to a typical NS phenotype.
The occurrence of two known pathogenic mutations in genes of the RAS/MAPK pathway in NS has not been described before. Two previous studies (14, 15) , including one from our group, showed the presence of one known pathogenic mutation and another gene alteration that probably functions as a modifier. We described a NS patient presenting the pathogenic p.N308D mutation in the PTPN11 gene and also the p.N85S mutation in the KRAS gene (14) . The patient presented typical features of NS and learning disabilities, which is not common, but far from an exception, in individuals with the p.N308D mutation in the PTPN11 gene. Ekvall and cols. (15) reported on a NS patient presenting mild psychomotor developmental delay, hoarse voice, osteoporosis, loose anagen hair, gingival hyperplasia, spinal neuroblastoma and liver haemangioma, and mutations in the SHOC2 gene (p.S2G) and PTPN11 gene (p.G409A). The mother, presenting only short stature, also showed this latter gene alteration. The authors concluded that the p.G409A mutation in the PTPN11 gene represents a mild partial mutation, acting as a modifier. On the other hand, the report of two pathogenic mutations in patients presenting neurofibromatosis-Noonan syndrome (NFNS) have been previously described (31, 32) but in both cases one of the parents had one of the mutations, which increases the chance of this occurrence.
The rate of new mutations is very low in general and the presence of two mutations in our case is out of the ordinary. Unfortunately, we were not able to rule out with certainty that the father comprised one of these mutations, but photographs failed to show any facial features suggestive of NS. Besides, there is no history of heart problems and he has a height of 1 SD above the mean.
The great variability in the phenotype of NS patient still remains to be properly elucidated. The presence of two different pathogenic mutations in our patient, which is an extremely rare event, failed to show an important effect in the phenotype. We can speculate that subtler gene alterations, such as polymorphisms of single nucleotides (SNPs) in genes of this pathway or even other genes associated with environmental factors may modulate the phenotype.
